Understanding the complex behavior of effector cells such as monocytes or macrophages in regulating cancerous growth is of central importance for cancer immunotherapy. Earlier studies using CD20-specific antibodies have demonstrated that the Fcg receptor (FcgR)-mediated transfer of the targeted receptors from tumor cells to these effector cells through trogocytosis can enable escape from antibody therapy, leading to the viewpoint that this process is protumorigenic. In the current study, we demonstrate that persistent trogocytic attack results in the killing of HER2-overexpressing breast cancer cells. Further, antibody engineering to increase FcgR interactions enhances this tumoricidal activity. These studies extend the complex repertoire of activities of macrophages to trogocytic-mediated cell death of HER2-overexpressing target cells and have implications for the development of effective antibody-based therapies. Mol Cancer Ther; 15(8); 1879-89. Ó2016 AACR.
Introduction
Defining the consequences of the interactions of immune effector cells with cancer cells in the presence of tumor-specific antibodies has direct relevance to both immunosurveillance and cancer therapy. The effects of therapeutic antibodies can include the direct inhibition of cell signaling through growth factor receptor binding and the indirect consequences of tumor cell opsonization and recruitment of effector cells such as macrophages or natural killer (NK) cells (1) . For example, monocytes or macrophages can interact with antibody-opsonized tumor cells and engulf whole cells or internalize fragments of the target cell plasma membrane during phagocytosis or trogocytosis, respectively (2) (3) (4) (5) (6) (7) . Although the tumoricidal effects of phagocytosis are clear, the effect of trogocytosis is less certain. It has been speculated that trogocytosis can have a positive effect during cancer therapy (6) . Conversely, trogocytosis can result in escape from antibody-dependent cell-mediated cytotoxicity, complementdependent cytotoxicity, or phagocytic cell death. This mechanism of escape has been extensively studied for anti-CD20 antibodies (2, 3, 8, 9) and involves the depletion of target antigen from the cell surface combined with the exhaustion of effector pathways. These observations have led to the development of dosing regimens to reduce trogocytosis and minimize the protumorigenic effects during CD20 targeting (10) . However, in different settings, it remains possible that trogocytosis results in tumor cell death. To date, such analyses have been limited by the challenges in distinguishing trogocytosis from phagocytosis in effector:target cell cocultures. In the current study, we have developed an assay to distinguish these two processes. This assay has been used to investigate whether trogocytosis leads to the attrition of HER2-overexpressing breast cancer cells. Establishment of trogocytosis as a pathway for tumor cell death has implications for strategies to optimize antibody-based therapies.
The involvement of Fcg receptor (FcgR)-expressing effector cells in antitumor effects has motivated the use of antibody engineering approaches directed toward the Fc region to enhance FcgR binding affinity (11) (12) (13) (14) (15) (16) . However, due to the challenges associated with quantitating trogocytosis, how Fc engineering affects this activity is unexplored. In addition, despite the expansion in the development and use of antibody-based therapeutics during the past decade (17, 18) , the factors leading to the induction of long-lived antitumor immunity are ill-defined. Consequently, understanding the mechanisms through which macrophages interact with tumor cells is not only important for Fc engineering, but also has relevance to elucidating the subcellular trafficking processes resulting in antigen acquisition and presentation by this antigen-presenting cell subset (19, 20) .
In the current study, we have used a novel approach to investigate the ability of macrophages of different sources to carry out trogocytosis and phagocytosis of antibody-opsonized HER2-overexpressing breast cancer cells. The RAW264.7 macrophage cell line very rarely phagocytoses complete cells, but has trogocytic activity similar to that of other macrophage types. Combined with analyses of apoptotic markers on opsonized target cells in the presence of both human and mouse macrophages, this behavior has allowed us to demonstrate that trogocytosis can lead to tumor cell death. Using multifocal plane microscopy (MUM) to image dynamic processes in three dimensions within cells (21, 22) , we have also analyzed the spatiotemporal aspects of trogocytosis in live cells. We observe that this process involves the extension of opsonized tubules that are subsequently pinched off by the macrophage to form internalized trogocytic compartments. Of direct relevance to Fc engineering, the enhancement of antibody affinity for FcgRs results in increased trogocytosis and target cell death. Importantly, this higher activity is only manifested in the presence of physiologic levels of intravenous gammaglobulin (IVIG). Collectively, these studies indicate that trogocytosis can have tumoricidal effects that are further enhanced by antibody engineering.
Materials and Methods

Cell lines and primary cells
The murine macrophage cell lines RAW264.7 and J774A.1, and the human breast cancer cell lines MDA-MB-453 and SK-BR-3 were purchased from the American Type Culture Collection (ATCC). The HCC1954 cell line was a gift from Drs. Adi Gazdar, John Minna, and Kenneth Huffman (UT Southwestern Medical Center, Dallas). The cell lines were maintained in the following media supplemented with 10% FCS (Gemini Bio-products): macrophages, phenol red-free DMEM; MDA-MB-453, RPMI-1640; SK-BR-3, McCoy's. HCC1954 cells were maintained in RPMI-1640 with 5% FCS. All experiments were conducted in medium containing FCS depleted of immunoglobulin G (IgG; 23), with the exception of experiments using Fc-engineered antibodies. Identities of all cancer cell lines were authenticated by short tandem repeat analysis on October 9, 2015 (University of Arizona Genetics Core). Murine macrophage cell lines purchased from the ATCC were maintained for less than 6 months in the laboratory. Purified human monocytes were purchased as frozen cells (Astarte Biologics) or purified from peripheral blood mononuclear cells (PBMCs, kindly provided by Darrell Pilling, Texas A&M University) using the EasySep Human Monocyte Enrichment Kit (Stemcell Technologies). The monocytes were cultured in DMEM containing 10% FBS supplemented with 50 ng/mL M-CSF (Peprotech) in 48-well plates, MatTek dishes, or T25 flasks for 6 days prior to use in assays. Purified primary human B cells were purchased as frozen cells (Astarte Biologics), thawed according to the manufacturer's protocols, and used in experiments within 24 hours.
Antibodies
Clinical-grade trastuzumab, pertuzumab, rituximab, and IVIG (Gamunex) were obtained from the UT Southwestern Pharmacy. Monovalent Fab fragments derived from pertuzumab were generated using a Pierce Fab Preparation kit (Thermo Scientific). Trastuzumab, rituximab, pertuzumab, and pertuzumab Fab fragments were labeled using Alexa 488 or 555 labeling kits (Life Technologies). The construction of trastuzumab heavy-and lightchain expression constructs was performed as described previously (24) . Mutations to enhance the binding of trastuzumab (human IgG1) to FcgRs, G236A/I332E (AE), and G236A/S239D/ I332E (ADE; 13) were introduced into the trastuzumab expression construct by splicing by overlap extension (25) . Sequences of expression constructs are available upon request. Wild-type (WT) and mutated trastuzumab were expressed in transfected CHO cells using previously described methods (24) . Pharmacy grade trastuzumab was used in all assays with the exception of the comparison of WT trastuzumab and AE/ADE variants. Antibodies specific for mouse FcgRs (clone X54-5/7.1 for FcgRI, 93 for FcgRII/ III, and 9E9 for FcgRIV) and the corresponding isotype controls were purchased from Biolegend.
Isolation of thioglycollate-elicited macrophages
C57BL/6J mice (purchased from The Jackson Laboratory) or human FcgR-transgenic C57BL/6J mice (gift from Dr. Jeffrey Ravetch, The Rockefeller University; ref. 26) were housed in a pathogen-free animal facility at UT Southwestern Medical Center or the Texas A&M Health Science Center and handled according to protocols approved by the Institutional Animal Care and Use Committees. Eight-to 12-week-old male mice were intraperitoneally injected with 3 mL aged thioglycollate (gift from Dr. Chandrashekar Pasare, UT Southwestern Medical Center). After 72 hours, the mice were sacrificed and peritoneal macrophages isolated by peritoneal lavage. The macrophages were plated in the assay plates in complete DMEM containing 10% FCS, and assays were performed 1 to 3 days later using the same conditions as for the macrophage cell lines.
Analyses of macrophage effects on tumor cell numbers
Target cells were harvested, labeled with carboxyfluorescein succinimidyl ester (CFSE; Life Technologies), and mixed with effector cells at the indicated effector:target ratios in wells of 48-well plates, centrifuged to obtain an even distribution in the wells and allowed to attach overnight. Cells were treated with 1 mg/mL trastuzumab and incubated at 37 C for 72 hours. The cells were harvested by trypsinization, incubated with PerCP-labeled antimouse CD45 antibody (clone 30-F11; BD Biosciences) and Alexa 488-labeled pertuzumab, washed, and fixed with formalin. For human macrophage effectors, anti-human CD45 antibody (HI30; Biolegend) was used to identify macrophages. A constant number of Flow Check 6 mm high-intensity yellow-green beads (PolySciences, Inc.) were added to each tube and the samples analyzed by flow cytometry (BD FACSCalibur or LSR Fortessa). The number of cancer cells in each sample was calculated by counting the CFSE-positive events, followed by normalization with the bead counts.
For the analysis of staining of tumor cells by Annexin V and propidium iodide (PI), cocultures were incubated as above for 36 hours. Harvested cells were stained with Alexa 647-labeled Annexin V and PI (Life Technologies) or BV421-labeled Annexin V (BD Biosciences), followed by quantitation of the fraction of Annexin V-positive, PI-positive, CD45-negative cells using flow cytometry. For the analysis of caspase activity in the tumor cells, the cocultures were treated with 2 mmol/L CellEvent Caspase-3/7 Green Detection Reagent (Life Technologies) for the last 4 hours of incubation.
Whole-cell phagocytosis assay
Effector cells were plated in 24-well plates, centrifuged to ensure an even distribution and incubated for 18 hours. Six hours prior to addition of target cells and opsonizing antibody, cells were treated with 25 ng/mL IFNg. Target cells were incubated with 5 mmol/L 5-ethynyl-2 0 -deoxyuridine (EdU) provided with the Click iT EdU Flow Cytometry Kit (Life Technologies) for 48 hours prior to the assay, harvested by trypsinization, added at the appropriate effector:target ratios, and incubated at 37 C for 3 to 6 hours in the presence of 1 mg/mL trastuzumab. The cells were harvested, treated with 10 mg/mL human IgG1 to block nonspecific binding, and incubated with 3 mg/mL PerCPlabeled anti-mouse CD45 antibody and 10 mg/mL Alexa 488-labeled pertuzumab for 10 minutes on ice. The cells were subsequently washed, resuspended in 50% formalin in PBS, and stained for EdU using the EdU flow cytometry kit protocol. Samples were analyzed using flow cytometry (BD FACSCalibur or LSR Fortessa). Percentage of whole-cell phagocytosis (WCP) was calculated as the fraction of EdU þ cells that were also CD45-positive and pertuzumab-negative.
Statistical analysis
Tests for statistical significance between groups were carried out using the Student t test or one-way ANOVA with Tukey's multiple comparisons test in GraphPad Prism (GraphPad Software). P values of less than 0.05 were considered significant.
Results
Quantitation of cancer cell killing by macrophages
We initially analyzed the effects of different macrophage cells on the viability of opsonized, HER2-overexpressing breast cancer cells. The coculture of J774A.1 or RAW264.7 macrophages with MDA-MB-453 or SK-BR-3 cells in the presence of the anti-HER2 antibody, trastuzumab, resulted in approximately 90% and 50% decreases in target cell numbers, respectively ( Fig. 1A and B) . The efficiency of tumor cell recovery was similar for all coculture conditions, excluding the possibility that variability in cell-harvesting efficiency contributes to the differences in cell numbers ( Supplementary Fig. S1 ). Incubation of target cells with trastuzumab alone resulted in approximately 10% to 20% reduction in cell numbers within 72 hours, consistent with earlier studies (ref. 27 ; Fig. 1C ), although larger decreases ($50%) were observed following longer incubation times (24) . The significant reductions in cell numbers within 72 hours ( Fig. 1A and B) are therefore due to the presence of macrophages rather than the cytostatic effects of trastuzumab. Similar results were obtained for cocultures maintained in growth media recommended for either the macrophage or tumor cell lines ( Fig. 1 and Supplementary Fig. S2 ). To investigate whether the death of opsonized target cells in the presence of macrophages was due to the release of soluble mediators, cancer cells were cultured for 72 hours in the lower chambers of transwell plates containing macrophage:target cell cocultures plus trastuzumab in the upper chambers (Supplementary Fig. S3 ). The results demonstrate that macrophage: cancer cell contact is necessary for cell number attrition. In addition, treatment of cultures with an inhibitor of oxygen radical generation, edaravone, did not reduce cell death (Supplementary Fig. S4 ).
The different levels of cell killing induced by incubation of trastuzumab-opsonized cancer cells with J774A.1 or RAW264.7 macrophages prompted us to use fluorescence microscopy to investigate the interactions between these effector:target cell combinations. Coincubation of J774A.1 macrophages and MDA-MB-453 cells in the presence of trastuzumab led to the appearance of both phagocytosed cancer cells (WCP) and cancer cell fragments, or trogosomes, within the CD45-positive macrophages ( Fig. 2A ; Supplementary Movie S1). Permeabilization of the cells prior to staining with anti-mouse CD45 antibody demonstrated that the phagosomes and trogosomes have associated CD45, indicating that they were encapsulated by the macrophage plasma membrane (Fig. 2B ). Similar observations were made using SK-BR-3 and HCC1954 cells as targets ( Supplementary Fig. S5A ). By marked contrast, although RAW264.7 cells were active in trogocytosis, phagocytic events involving complete cells were not observed when these macrophages and trastuzumab-opsonized breast cancer cells (MDA-MB-453, SK-BR-3, or HCC1954) were cocultured (no WCP events were observed in 21 fields of view for RAW264.7 cells, whereas 12 of 31 fields of view contained WCP events for J774A.1 macrophages; Supplementary Fig. S5B ). Consistent with the earlier observations of others (13, 28, 29) , the use of human monocyte-derived macrophages as effectors with trastuzumab-opsonized tumor cells resulted in both trogocytosis and phagocytosis, combined with a decrease in cancer cell numbers ( Supplementary Fig. S6 ). J774A.1 and RAW264.7 macrophages exhibit different phagocytic activities. A, MDA-MB-453 cells were harvested and opsonized by incubation with 10 mg/mL Alexa 555-labeled trastuzumab at room temperature for 10 minutes followed by washing. The opsonized cancer cells (2.5 Â 10 4 cells/imaging dish) were added to adhered, IFNg-activated J774A.1 macrophages (4 Â 10 4 cells) for 30 minutes and the samples fixed and stained. Trogosomes and a completely engulfed cancer cell are indicated by white and yellow arrows, respectively. B, J774A.1 macrophages and MDA-MB-453 cells were incubated as in A, fixed, permeabilized, and mouse CD45 detected using FITC-labeled mouse CD45-specific antibody. C, representative flow cytometry plots to show the identification of the WCP population. Macrophages were plated for 18 hours, followed by addition of EdU-treated cancer cells at a 10:1 effector:target cell ratio in the presence of 1 mg/mL trastuzumab or PBS vehicle for 6 hours. The samples were then harvested and stained for mouse CD45 (macrophages), and cancer cells accessible to the medium were detected using labeled pertuzumab. The following cell populations can be identified: macrophage only (1); cancer cell only (2); macrophage:cancer cell conjugate (3); macrophage that has performed WCP (4). D, fluorescence microscopy images of cells representative of the populations numbered 1, 2, 3, and 4 in C. E, time-course of WCP using J774A.1 macrophages and MDA-MB-453 cancer cells. F, comparison of WCP activity using different macrophage cells with MDA-MB-453 cells after coincubation for 6 hours. G, plot of percentage WCP against percentage HER2 reduction for the data shown in F. The percentage of HER2 reduction from the cell surface was calculated from the ratio of the surface pertuzumab (MFI) remaining in the nonphagocytosed cancer cell population to surface pertuzumab (MFI) in samples without antibody treatment. H and I, comparison of WCP activity using J774A.1 (H) or RAW264.7 (I) macrophages with different breast cancer cell lines after coincubation for 6 hours. Control in C and E-I represent cocultures incubated without trastuzumab. Error bars, SEs. The Student t test was performed to indicate statistical significance ( Ã , P < 0.05). n.s., no significant difference (P > 0.05). For A, B, and D, scale bars ¼ 5 mm. 
Trogocytosis leads to tumor cell death
To quantitate trogocytosis and WCP in a high-throughput manner, we developed a flow cytometric assay involving the labeling of the DNA of tumor cells with EdU ( Fig. 2C and D) . To distinguish macrophage-associated tumor cells that were phagocytosed from those that formed macrophage:cancer cell couples, we reasoned that phagocytosed cells would be inaccessible to the anti-HER2 antibody, pertuzumab (30) . Importantly, we and others have demonstrated that pertuzumab does not compete with trastuzumab for binding and can therefore be used to detect HER2 in the presence of trastuzumab (31) (32) (33) . To quantitate cancer cells that had not been phagocytosed, cocultures were harvested and stained with labeled pertuzumab, whereas EdU staining was used to identify all cancer cells. WCP activity was quantitated by determining the fraction of EdU-positive cells that were mouse CD45-positive and pertuzumab-negative, whereas cell couples were positive for all three markers. In the absence of trastuzumab, for J774.1 macrophages, the number of cell couples was higher than in the presence of this antibody (Fig. 2C) , most likely because cell couples formed with antibody-opsonized cancer cells are expected to lead to efficient target cell phagocytosis. The CD45-negative, pertuzumab-low population represents cancer cells that have substantially reduced surface HER2 levels due to trogocytosis.
We first used the flow cytometric assay to characterize the dynamics of WCP in J774A.1:MDA-MB-453 cocultures. Using an effector:target cell ratio of 10:1, approximately 25% of the target cells were phagocytosed within 3 hours. This number increased over time, reaching a plateau level of 40% to 50% following 8 hours (Fig. 2E) . WCP events are detectable even when the numbers of macrophages and cancer cells are equivalent or cancer cells outnumber the macrophages (effector:target ratios of 1:1 or 1:5), although the fraction of cancer cells that undergo WCP decreases ( Supplementary Fig. S7 ).
Thioglycollate-elicited primary peritoneal mouse macrophages and human monocyte-derived macrophages exhibited similar phagocytic activity to that observed for J774A.1 cells ( Fig. 2F;  Supplementary Fig. S6C ). Concordant with the microscopy data, RAW264.7 cells rarely performed WCP (Fig. 2F) , whereas trogocytic activity was similar for all macrophage cell types (Fig. 2G) . Analogous results were obtained for phagocytosis using SK-BR-3, HCC1954, or MDA-MB-453 cells as targets, demonstrating that the low phagocytic activity of RAW264.7 macrophages is not target cell-dependent ( Fig. 2H and I) . The percentage recovery of cancer cells for cell cocultures with mouse and human macrophages was similar (70%-80%; Supplementary Fig. S1 ), excluding the possibility that differential recovery contributes to the observed differences in phagocytic activity between macrophage: cancer cell combinations.
The relatively high level of tumor cell death in the presence of RAW264.7 cells (Fig. 1B) combined with the very low levels of WCP activity indicated that trogocytosis can lead to tumor cell killing. To further investigate this, we performed long-term imaging of J774A.1:SK-BR-3 or RAW264.7:SK-BR-3 cocultures (at a 4:1 effector:target ratio) in the presence of trastuzumab for approximately 3 days. In agreement with the fixed cell and flow cytometry data, multiple phagocytic events involving whole cells were observed for J774A.1 macrophages, whereas WCP rarely occurred for RAW264.7 macrophages. Individual cancer cells undergoing trogocytosis by both J774A.1 and RAW264.7 macrophages could be observed, and in multiple cases, cancer cell death was observed following several days of intermittent trogocytic attack (Supplementary Movie S2 for J774A.1; Fig. 3A and Supplementary Movie S3 for RAW264.7 macrophages; data shown are representative of at least 14 events observed for each macrophage type). Similar trogocytic attack followed by cell death was observed when human macrophages were used as effectors (Supplementary Movie S4).
Live-cell fluorescence microscopy also demonstrated that the nonphagocytic interactions between macrophages and cancer cells involved the transfer of trastuzumab from cancer cells to macrophages via trogocytosis (Supplementary Movie S5). CellEvent Caspase 3/7 Green Detection Reagent was not detectable in the opsonized target cells during the early stages of trogocytic attack (within 3 hours of coculture set-up; Supplementary Movie S5), indicating that the macrophages accumulate trogosomes from live cells during this time frame. However, following 36 hours of coculture incubation of opsonized tumor cells with J774A.1, RAW264.7, and human monocyte-derived macrophages, approximately 10% of target cells were positive for PI and fluorescently labeled Annexin V ( Fig. 3B-D ; Supplementary  Fig. S8A and S8B ). The Annexin V-positive cells also accumulated CellEvent Caspase-3/7 Green Detection Reagent, indicating the induction of apoptosis ( Supplementary Fig. S8A ). The percentages of PI/Annexin V-positive cells are lower than those for the cumulative cell death following 72-hour incubation (Fig. 1) , because PI/Annexin V staining identifies a specific phase on the cell death pathway. In addition, surface HER2 levels were reduced on all of the opsonized cancer cells in the presence of macrophages (Fig. 3B, E, and F) . Combined with the survival of a proportion of cancer cells following 72-hour coculture with macrophages ( Fig. 1) , this indicates that not all trogocytosed cells undergo cell death within this time frame. Nevertheless, in combination with our live-cell imaging experiments and the observation that soluble mediators do not contribute to macrophage (RAW264.7)-mediated death of opsonized targets, these data demonstrate that trogocytosis can lead to tumor cell attrition.
Trogocytosis involves tubular extensions of opsonized cancer cells
We employed live-cell imaging to study the uptake of labeled trastuzumab from the cancer cell surface into the macrophage. Macrophages accumulate punctate, trastuzumab-positive trogocytic compartments, resulting in depletion of trastuzumab from the cancer cell surface in the region adjacent to the macrophage (Fig. 4A) . Following trastuzumab depletion, antibody levels in the region between the apposed cells recover within about 10 minutes, indicating that HER2/trastuzumab complexes are mobile on the cell surface. We next used MUM (21, 22) combined with livecell imaging to analyze the dynamics of trogocytosis in three dimensions ( Fig. 4B and C) . MUM enables the simultaneous visualization of cellular trafficking processes in multiple different focal planes (21, 34) . Using MUM, we observed that trogocytosis involves the extension of tubular structures from the tumor cells into invaginations in the macrophage that are subsequently pinched off to form trogosomes within the effector cells ( Fig.  4B and C; Supplementary Movie S6) . Flow cytometry analyses indicated that although the levels of surface HER2 decrease on the target cells (Fig. 4D) , the CFSE fluorescence level does not change following 2 days of coincubation with macrophages in the presence of trastuzumab (Fig. 4E) , indicating the engulfment of tubular extensions with high surface area:volume ratios. In addition, following 2 hours of incubation of macrophages with tumor cells, many trastuzumab-positive trogosomes are located in lysosomes (Supplementary Fig. S9 ).
Although RAW264.7 cells rarely performed WCP, fluorescence microscopy indicated that the cell contacts with opsonized tumor cells were similar for both J774A.1 and RAW264.7 cells with respect to membrane ruffling and accumulation of actin and mouse CD45 (Supplementary Fig. S10 ). In addition, both cell lines express all of the mouse FcgRs (Supplementary Fig. S11 ). Interestingly, we did not observe capping of HER2 at the interface between cancer cells and macrophages or in cancer cells incubated with antibody only (Supplementary Figs. S10 and S12A ). By contrast, in the presence of the anti-CD20 antibody, rituximab, capping of CD20 occurred on the surface of B cells isolated from human PBMCs (Supplementary Fig. S12B ), consistent with earlier observations (35) (36) (37) (38) . Further, following 30-or 60-minute incubation, rituximab was more rapidly depleted from B cells compared with the reduction of trastuzumab associated with MDA-MB-453 breast cancer cells (Supplementary Fig. S12C ).
FcgR affinity enhancement modulates the levels of trastuzumab-mediated trogocytosis
The engineering of antibodies to selectively enhance their affinity for binding to activating FcgRs over inhibitory FcgRs provides a pathway for improving antibody efficacy in vivo (11) (12) (13) (14) (15) (16) . However, it is unknown whether this enhancement affects trogocytosis. We therefore analyzed the effects of two sets of mutations, G236A/I332E (AE) and G236A/S239D/I332E (ADE), on trogocytic activity. These mutations selectively increase the affinity of IgG1 for FcgRIIa or FcgRIIIa over the inhibitory receptor, FcgRIIb, resulting in higher "Activatory/Inhibitory ratios" (13, 39) . In addition, the ADE mutations result in higher affinity interactions with FcgRs than the AE mutations (13) . Thioglycollate-elicited peritoneal macrophages isolated from transgenic mice that express human FcgRs, but not mouse FcgRs (26) , were used for these experiments. Trogocytosis of cancer cells opsonized with WT trastuzumab or FcgR-enhanced variants of this antibody was analyzed using a flow cytometric assay that quantitates the amount of labeled pertuzumab-Fab fragment associated with macrophages. To distinguish cancer cell:macrophage conjugates from macrophages that had trogocytosed material derived from cancer cells, we used an antibody specific for the cancer cell marker EpCAM in the absence of cell permeabilization.
Although the AE mutant displayed higher trogocytic efficiency than the WT antibody, the ADE mutant did not lead to an enhancement of trogocytosis over WT trastuzumab (Fig. 5A) . Further, quantitation of WCP demonstrated that the addition of trastuzumab harboring AE or ADE mutations did not result in increased WCP activity following 3-to 6-hour incubation (Fig. 5B and Supplementary Fig. S13 ). These results prompted us to explore the effects of the mutations in the presence of high concentrations of endogenous IgG to mimic in vivo conditions. In the presence of 10 mg/mL IVIG, addition of trastuzumab harboring AE and ADE mutations resulted in substantially . Eighteen hours later, 1 mg/mL WT trastuzumab or engineered trastuzumab variants with enhanced affinity for FcgRIIa and FcgRIIIa (AE and ADE), combined with 0.5 mg/mL Alexa 488-labeled Fab fragments derived from pertuzumab, were added to the cocultures for 60 minutes. As controls, cells were also cocultured without trastuzumab (Àve). The mean fluorescence intensity (MFI) values for pertuzumab Fab staining in the macrophage population are shown. B, WCP assay was performed as before using hFcgR macrophages plated for 18 hours, followed by addition of 10-fold lower numbers of cancer cells and 10 mg/mL WT, AE, or ADE trastuzumab variants for 6 hours. Trogocytosis (C) and WCP (D) assays were performed as in A and B, but in the presence of 10 mg/mL IVIG. Under the conditions of the trogocytosis assays (60-minute incubation), phagocytosis of cancer cells was at background, control levels (data not shown). E, hFcgR macrophages were plated with cancer cells at an effector:target cell ratio of 2:1 (5 Â 10 4 :2.5 Â 10 4 cells) or cancer cells alone for 24 hours, followed by addition of 10 mg/mL IVIG and 10 mg/mL WT, AE, or ADE variants of trastuzumab. The medium was replaced by new medium containing the same additions after 3 days. Cells were harvested after 5 days, and the remaining numbers of cancer cells quantitated. Error bars, SEs. For A-E, one-way ANOVA analyses were carried out followed by a Tukey's multiple comparisons test between all sample pairs with a confidence interval of 95%. Horizontal lines indicate significant differences between sample pairs. increased trogocytic activity over the almost background levels observed with WT trastuzumab (Fig. 5C ). These low levels of trogocytic activity of WT antibodies in the presence of competing IgG are consistent with the observations of others (40) . Interestingly, the WCP activities were significantly decreased by the addition of IVIG for both WT trastuzumab and the mutated variants ( Fig. 5B and D) . Similar inhibitory effects were observed when polyclonal, nonaggregated IgGs were purified from IVIG ( Supplementary Fig. S14 ), indicating that aggregated IgG does not contribute to this activity of IVIG. To investigate the consequences of IVIG addition on tumor cell death, cancer cell numbers were quantitated following 5-day coincubation with WT trastuzumab or AE/ADE variants in the presence of macrophages and 10 mg/mL IVIG (Fig. 5E ). The results demonstrate that the ADE variant is significantly more active than WT trastuzumab in reducing cancer cell numbers in the presence of macrophages, whereas the cytostatic effects of the antibodies alone on the cancer cells were similar for WT trastuzumab and the AE/ADE variants (Fig. 5E) .
Comparison of the effects of WT trastuzumab and the ADE variant in the presence of human monocyte-derived macrophages and IVIG on target cell death also demonstrated increased tumoricidal activity of the FcgR-enhanced mutant ( Supplementary Fig. S15 ). Consistent with the low level of trogocytic and phagocytic activity of WT trastuzumab in the presence of competing IVIG, our observations indicate that the cytostatic effect of trastuzumab is the major contributor to the target cell death induced by this antibody (Fig. 5E and Supplementary Fig. S15 ). Collectively, these observations demonstrate that although the effector mechanisms of the macrophages have been significantly impaired by IVIG, their tumoricidal effects in the presence of trastuzumab can be increased by FcgR enhancement.
Discussion
In the current study, we demonstrate that macrophage-mediated trogocytosis can lead to relatively efficient death of antibodyopsonized breast cancer cells, with around 50% reduction in target cell numbers over a period of 3 days. Consequently, cancer cells are able to sustain limited membrane damage, but they are not resistant to persistent trogocytosis over extended periods. A possibility that is not mutually exclusive is that the depletion of HER2 from the plasma membrane ablates growth factor-mediated signaling in HER2-addicted cells, resulting in cell death (6) . Interestingly, in earlier studies, trogocytosis has been shown to efficiently remove target receptors such as CD20 from the plasma membrane, leading to amelioration of the tumoricidal effects of NK cells and macrophages in the presence of antibodies such as rituximab (8, 9) . Macrophages can have both tumor-promoting or -inhibitory effects (41, 42) , and our observations extend this dichotomous behavior to trogocytosis.
By contrast with the induction of clustering of lymphocyte receptors at the effector:target cell interface in the presence of opsonizing antibodies such as rituximab (35-38), we do not observe trastuzumab capping on cancer cells. In addition, during live-cell imaging, following the trogocytic removal of fluorescently labeled trastuzumab from the closely apposed target cell membrane, trastuzumab redistributes to the interface within around 10 minutes. This indicates that trastuzumab-HER2 complexes are mobile in the plasma membrane. The difference in receptor clustering suggests that the proportion of targeted receptor over other membrane constituents is lower in trogosomes derived from breast cancer cells. In addition, capping of receptors followed by their rapid removal from rituximab-opsonized lymphocytes is expected to not only reduce NK-cell-and complement-mediated target cell death, but also limit the duration of trogocytosis (40) . This is consistent with the observation that trogocytosis of rituximab-CD20 complexes on CD20-expressing EL4 cells does not lead to therapeutic effects in tumor-bearing mice (9) and can result in tumor escape during CD20-targeted therapy (43) . Consequently, the dynamic behavior of the opsonized antigen on the target cell surface is expected to modulate tumor cell killing by trogocytosis.
Recent studies in mouse models have demonstrated that Kupffer cells phagocytose antibody-opsonized circulating tumor cells (CTC), leading to reductions in metastatic lesions (4) . By contrast, in the absence of tumor-specific antibody, trogocytosis rather than WCP of CTCs was observed which did not lead to tumor cell death. The apparent discrepancy between our study and these earlier analyses is most likely due to the limited contact time between CTCs and macrophages in the absence of antibody, although we cannot exclude a contribution of the difference in target (4). In the current study, tumor cell death is observed when the target cells are adhered to the substratum and remain in contact with trogocytic macrophages for prolonged periods. This setting might more closely resemble macrophage-mediated attack on solid tumors rather than CTCs. Specifically, the physical constraints of surrounding cells in solid tumors are expected to favor trogocytosis over phagocytosis.
The contribution of trogocytosis to tumor cell death in the current study has been elucidated through our observation that WCP of several different cancer cells is very rarely observed when using RAW264.7 macrophages as effector cells. The behavior of RAW264.7 cells is consistent with the observations of others (6) , and has been suggested to be due to the large size of the target cells. However, our observations that RAW264.7 cells rarely phagocytose three different breast tumor cell lines, combined with the relatively efficient phagocytic engulfment of these cell lines by J774A.1 macrophages, indicates that there are intrinsic properties of RAW264.7 cells restricting their ability to perform WCP. This could relate to differences in cytoskeletal organization or differentiation state. In this context, actin and CD45 accumulation at the macrophage:cancer cell interface did not indicate differences between RAW264.7 and J774A.1 macrophages when analyzed by fluorescence microscopy. However, by contrast with our observations and those of others (6) , it was recently reported that RAW264.7 cells phagocytose trastuzumab-opsonized BT-474 cells (44) . Further studies are required to determine the reasons for this apparent discrepancy.
Our microscopy studies of the spatiotemporal aspects of trogocytosis indicate that this process involves the engulfment of tubules extending from the target cell membrane rather than vesicular structures. These tubules are subsequently pinched off to form trogosomes within the macrophage. The involvement of tubular extensions, which can in multiple cases only be visualized using MUM due to their three dimensional, highly dynamic nature, is consistent with the accumulation of high levels of plasma membrane relative to the cytosolic contents of the target cell. This also has implications for antigen presentation by trogocytic macrophages, because it would bias toward the delivery of plasma membrane-associated proteins over cytosolic proteins to the intracellular, degradative compartments that represent the sites of antigen loading onto MHC class II molecules (45) .
Our studies also have direct relevance to the affinity enhancement of antibodies for FcgRs (11) (12) (13) (14) (15) (16) . In the absence of competing IgG, we observe that the AE mutations, but not the ADE mutations, confer increased trogocytic activity. Further, WCP was not affected by either of the mutation sets. In the absence of IVIG, it is possible that increased activity due to affinity/avidity enhancement is obscured through the WT antibody/FcgR interactions already being at maximal levels under the conditions of these assays. By contrast, in the presence of competing IVIG, both AE and ADE mutations significantly increase macrophage-mediated trogocytosis and, to a lesser extent, phagocytosis. This translates to greater reductions in cancer cell viability for cells opsonized with trastuzumab-ADE compared with WT trastuzumab. In agreement with the observations of others (14) , this reinforces the importance of performing such assays in the presence of endogenous antibody to ensure that the observations are physiologically relevant.
Several functions have been proposed for trogocytosis (46) . For example, it can lead to the acquisition of antigen in the form of peptide-MHC complexes by T cells followed by their fratricide (47) . In addition, trogocytosis has been suggested to provide a conduit for cell-cell transfer of materials (48) (49) (50) . These studies and our current observations indicate that cells are tolerant to limited amounts of trogocytosis. This leads to the speculation that this process represents a tolerizing mechanism for self-antigens that is important for normal physiology. Consequently, the binding of autoreactive antibodies to cells may lead to trogocytic uptake by antigen-presenting cells and immunological tolerance. Under these conditions, target cell death would be detrimental. By contrast, for tumor targeting with therapeutic antibodies, the relatively high antibody load could convert low-level "background" trogocytosis into an active tumoricidal effect.
Collectively, our studies have resulted in novel insight into the spatiotemporal dynamics and consequences of macrophagemediated trogocytosis. Importantly, we demonstrate that this process involves the engulfment of tubular extensions and can lead to substantial attrition of tumor cells. Further, FcgR affinity enhancement results in significant increases in trogocytic activity. These observations extend the antitumor effects of macrophages to trogocytosis and have implications for the design of efficacious therapeutic antibodies.
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